Self-assembling surfactant-like peptides have been explored as emerging nanobiomaterials in recent years. These peptides are usually amphiphilic, typically possessing a hydrophobic moiety and a hydrophilic moiety. The structural characteristics can promote many peptide molecules to self-assemble into various nanostructures. Furthermore, properties of peptide molecules such as charge distribution and geometrical shape could also alter the formation of the self-assembling nanostructures. Based on their diverse self-assembling behaviours and nanostructures, self-assembling surfactant-like peptides exhibit great potentials in many fields, including membrane protein stabilization, drug delivery, and tissue engineering. This review mainly focuses on recent advances in studying self-assembling surfactant-like peptides, introducing their designs and the potential applications in nanobiotechnology.
Introduction
Molecular self-assembly is a universal phenomenon in nature: phospholipid molecules can self-assemble into millimeter-size lipid tubules, silk fibroins can be fabricated into silk materials over 2 km in length [1] , and so on. Molecular self-assembly is usually driven by noncovalent bonds such as ionic bond, hydrophobic interaction, van der Waals interaction, and hydrogen bonding, which could promote self-assembling molecules to spontaneously aggregate into well-ordered structures. As a bottom-up strategy to fabricate nanomaterials, molecular self-assembly has received considerable attentions.
Recently, nature-inspired investigators have designed novel nanobiomaterials based on self-assembling peptides, which are usually composed of natural L-amino acids and have excellent biocompatibility. As a novel category of selfassembling nanomaterials, self-assembling peptides have become especially attractive, for their successful applications in many fields, including three-dimensional cell culture and reparative or regenerative medicine [2] [3] [4] [5] [6] [7] [8] , tissue engineering [9] [10] [11] , and drug release [12] [13] [14] . In this review, we will focus on a family of surfactant-like peptides designed by mimicking the structure of traditional surfactants and introduce their applications in biological surface engineering.
Design of Typical Surfactant-Like Peptides
Surfactants are defined as materials that can greatly decrease the surface tension of solvents when used at very low concentrations [15] . Surfactants are usually a category of amphiphiles composed of hydrophobic tail and hydrophilic head. Recently, a family of surfactant-like peptides has been designed by mimicking the structure of traditional surfactants [16] [17] [18] . A typical surfactant-like peptide molecule consists of two parts: a hydrophobic tail composed of several consecutive hydrophobic amino acids and a hydrophilic head composed of one or two hydrophilic amino acids.
Based on this rule, researchers have selected different hydrophobic or hydrophilic amino acids to design various surfactant-like peptides freely. For example, the hydrophilic head could be designed as positively charged Arg, Lys, and His, or negatively charged Asp and Glu, producing cationic or anionic surfactant-like peptides. On the other hand, the hydrophobic tail could be designed by choosing different 2 Journal of Nanomaterials hydrophobic amino acids such as Gly, Ala, Val, Leu, and Ile with different levels of hydrophobicity, so that the overall hydrophobicity of a surfactant-like peptide could be controlled. Recently, a number of typical surfactant-like peptides have been designed (Figure 1) .
The flexible design of typical surfactant-like peptide is not based on the selection of amino acids only. The position of the hydrophilic head could be changed to generate new surfactant-like peptides. An example is that the hydrophilic heads of those peptides in Figure 1 are set at the C-terminal, while the heads of KVVVVVV (KV 6 ) and HHVVVVVV (H 2 V 6 ) are set at the N-terminal [18] . The length of a surfactant-like peptide could also be a design strategy by usually controlling the number of hydrophobic amino acids in the tail. Although the tail of a surfactant-like peptide molecule is generally composed of six hydrophobic amino acids, making the whole peptide molecule about 2.5 nm in length, which is similar to the length of natural phospholipids, novel surfactant-like peptide molecules, with a longer hydrophobic tail, have the same self-assembling behavior, except that the self-assembling nanostructures become more polydisperse [17] .
Self-Assembling Mechanism of Typical Surfactant-Like Peptides
Like the classic formation of lipid bilayer, one self-assembling model of surfactant-like peptides is proposed that molecules could undergo a tail-to-tail alignment to form bilayer structures, which further form nanotubes and nanovesicles (Figure 2(a) ). In this model, surfactant-like peptides, such as nanovesicles with diameter of 30∼50 nm, which could further form network with three-way junctions [16] [17] [18] [19] [20] . These nanostructures were highly unstable and dynamic so that a special quick-freeze/deep-etch technique was required to fix and visualize them. These peptide molecules take an irregular secondary structure as revealed by circular dichroism (CD), which seems less important for the self-assembling process, and the hydrophobic interaction between tails is regarded as the major driving force. Generally, surfactant-like peptides with tail of Ala or Val could form more stable nanostructures than those with tail of Gly, Leu, and Ile [15, 16] . In addition to forming tail-to-tail bilayer structure, traditional surfactants could also form micelles by packing the tails in a hydrophobic core and exposing the hydrophilic heads outside. This kind of self-assembling model has also been observed for surfactant-like peptides, which could form nanofibers instead of nanotubes or nanovesicles [21] . As observed by atomic force microscopy (AFM) and transmission electron microscopy (TEM), A 6 K, a cationic surfactant-like peptide, could form nanofibers, nanorods, and nanospheres with various length [21] . These nanostructures are quite different with the nanotubes and nanovesicles described in an earlier report. For example, the diameter of these nanostructures is about 10 nm, much smaller than 30∼ 50 nm; the nanofibers are separated from each other, rather than forming a network by three-way connection. All these differences indicated that these nanostructures are generated by different self-assembling model. The molecular model has also been proposed to explain this alternative self-assembling behavior. As shown in Figure 2 (b), peptide molecules pack their hydrophobic tail in a core and expose their hydrophilic head outside, undergoing the formation of cylindrical or spherical micelles to form nanofibers or nanospheres.
The nanostructures formed of surfactant-like peptides could be closely associated with environments. When the A 6 K solution was spread on mica surface for AFM observation, a kind of membrane-like structure was observed in addition to nanofibers [21] . It is likely that the A 6 K Journal of Nanomaterials monomers could attach their positively charged heads to the negatively charged mica surface, while stretching their hydrophobic tails up to air, forming a layer of peptide monomers aligned shoulder by shoulder (Figure 2(c) ). In this manner, the peptide monolayer could cover the hydrophilic mica surface and transform it to a hydrophobic one. This interesting self-assembling behavior of A 6 K on mica surface could act as a very simple technique for surface modification. It is not clear why all kinds of structures fabricated by the same surfactant-like peptide could coexist if no preferential condition is applied, but it is no doubt that the new pathway to form various nanostructures is very helpful to understand the behavior of these self-assembling surfactant-like peptides and to further exploit their potential applications.
Other Surfactant-Like Peptides

Catanionic and Zwitterionic Surfactant-Like Peptides.
Typical surfactant-like peptides, despite anionic or cationic surfactant-like peptides, often form a mixture of various nanostructures such as nanotubes/nanovesicles and nanofibers/nanospheres. These nanostructures are dynamic and unstable, which becomes an obstacle for their application. For this reason, chemical complementarity should be considered to exploit new surfactant-like peptides with stable selfassembling behavior, which means the preferred formation of a certain type of nanostructure or forming nanostructures with better mechanical/thermal stability at lower critical micelle concentration (CMC). In fact, ionic bond has been proved to be a very important noncovalent force to drive the self-assembling process and determine the properties of self-assembled structures. In order to exploit self-assembling surfactant-like peptides with better stabilities, researchers have made several attempts to introduce ionic bonds into the system of typical surfactant-like peptides.
Catanionic and zwitterionic surfactants are different from typical anionic and cationic surfactants. Catanionic surfactants are the mixed systems of traditional anionic and cationic surfactants [22] , and zwitterionic surfactants are the surfactants bearing both positive and negative charges in a single hydrophilic head [23, 24] . Possibly because of the ionic bonds between oppositely charged heads, these two special groups of surfactants could form structures with better stability compared with typical surfactants [25] [26] [27] [28] . Recently, Khoe and colleagues have studied the self-assembling behaviors of several catanionic surfactant-like peptides systems, which were the mixtures of cationic surfactant-like peptide A 6 K and anionic surfactant-like peptide A 6 D at various ratios [25] . They found that, when A 6 D and A 6 K were mixed at the ratio of 2 : 1, the catanionic system could form wellordered nanofibers (Figure 3 ), indicating that in a catanionic system, the interaction between positively and negatively charged heads has significant effects on the self-assembling behavior, pointing out a promising approach to design novel nanomaterials based on mixed surfactant-like peptides.
Recently, we have designed a zwitterionic surfactantlike peptide by simply removing the C-terminal protective amide of A 6 K and exposing the dissociable carboxyl group [21] . This new peptide, named A 6 K ± , could simultaneously bear a positive and a negative charge at its C-terminal. This study showed that A 6 K ± could form much longer nanofibers compared with typical anionic or cationic surfactant-like peptides (Figure 4) , synergistically driven by the ionic bonds among hydrophilic heads and the hydrophobic interaction among tails. Moreover, the self-assembling structures formed by A 6 K ± were also more mechanically and thermally stable than A 6 K. A 6 K ± could also more sensitively respond to the change of environmental pH and undergo complicated transformation. These results indicated that novel stable and smart nanomaterials could be obtained by designing zwitterionic surfactant-like peptides.
Bolaamphiphilic Peptides.
Different from typical surfactants with only one hydrophilic head, bolaamphiphile, named after a special weapon "bola, " has two hydrophilic heads connected by a hydrophobic section [29, 30] . Bolaamphiphiles have been proven to be a category of emerging nanomaterials for their ability to self-assemble into various valuable nanostructures, including membrane-mimetic films for bioactive functions [31, 32] , nanotubes for metallic nanowire [33] [34] [35] , nanofibers [35] , helical ribbons [36] , and nanovesicles for drug and gene delivery [37] . By mimicking the structure of these bolaamphiphiles, our laboratory has designed a serial of bolaamphiphilic peptides, which are composed of Gly, Ala, and Val as their hydrophobic sections and charged Lys or Asp as their hydrophilic heads [38] . By adjusting hydrophobic or hydrophilic amino acids, the length and hydrophobicity of the bolaamphiphilic peptide molecule could be controlled to generate different self-assembling nanostructures, such as nanofibers or nanospheres with hydrophilic core and surface ( Figure 5) . Different from the nanotubes and nanovesicles with diameter about 30∼50 nm formed by typical surfactant-like peptides, these nanostructures formed by bolaamphiphilic peptides have a diameter less than 10 nm, The smaller size and the hydrophilic core might be important features for their application as cell-targeting carriers for hydrophilic molecules such as DNA, RNA, and some hydrophilic drugs. Furthermore, it has been found that after destroyed by sonication, the nanostructures formed by bolaamphiphilic peptides could undergo a slow process of reassembly to recovery, which is also an important feature for the potential of encapsulating small molecular components. Recently, bolaamphiphilic peptides with alkyl group as their hydrophobic sections have also been designed, which could self-assemble into nanofibers with hydrophilic core and surface [39] .
Surfactant-Like Peptides with Ameliorated Geometrical
Shape. It is well known that chemical complementarity and geometrical compatibility are two basic elements for molecular self-assembly [40, 41] . For this reason, when ameliorating the structure of self-assembling molecules for better properties, geometrical compatibility should be considered. Our laboratory has designed several surfactantlike peptides with different geometrical shapes in order to study the effect of geometrical shape on the self-assembling behavior of surfactant-like peptides [42] . Briefly, by changing the amino acids, which have different spatial structures, AVK ± (Ac-AAAVVVK) has a wedge-like shape, and AGK ± (Ac-AAAGGGK) has a shape of inverted wedge. Compared with A 6 K ± (Ac-AAAAAAK), which has a straight shape, the wedge-shaped AVK ± undergoes a more homogeneous selfassembling behavior to form much longer nanofibers, and these nanofibers are relatively more stable and less prone to be transformed to nanospheres, while the self-assembling behavior of A 6 K ± is very dynamic and it tends to form mixture of nanofibers with various lengths and nanospheres. On the contrary, AGK ± , with inverted-wedge-like shape, couldn't undergo self-assembly in aqueous solution but could selfassemble into nanofibers with various lengths in nonpolar solvent.
As shown in Figure 6 , 3D molecular models have been proposed to illuminate the effects of geometrical shape on self-assembling behaviors. For AVK ± , the wedge-like shape could efficiently reduce the spatial encumbrance when AVK ± molecules self-assemble into micelles, so that they can form stable cylindrical micelle nanofibers. For AGK ± , the inverted-wedge-like shape promotes them to embed the small hydrophilic head inside and expose the large hydrophobic tail to the nonpolar solution, finally forming reversed micelle nanofibers. When the geometrical shape of the hydrophobic tail of a peptide was concerned, the property of the hydrophilic head seems to be less important. Similar to the self-assembling behavior of AVK ± , it has also been found that a negatively charged surfactant-like peptide A 3 V 3 D with wedge-like shape could also form smooth long nanofibers [43] . On the other hand, more hydrophobic amino acids could also be used to design surfactant-like peptide with geometrical shape effect. For example, a cone-shaped amphiphilic peptide Ac-GAVILRR-NH 2 could self-assemble into nanodonut structure through the fusion or elongation of spherical micelles [44] . These studies suggested that geometrical shape plays a crucial role in controlling the self-assembling behavior of surfactant-like peptides to form certain nanostructure.
As for the typical surfactant-like peptide system described above, geometrical shape could also greatly affect the selfassembling structure of bolaamphiphilic peptide. Our group has designed a novel bolaamphiphilic KGGAAVVK, which exhibited a wedge-like shape for the increasing size from Gly to Val. Unlike KA 6 K with straight shape which self-assemble into mixture of nanofibers and nanospheres, KGGAAVVK could selectively form long and smooth nanofibers [43] . Similar to the model proposed for typical surfactant-like peptide, the wedge-like shape of the peptide was also regarded as an important factor for the formation of such long nanofibers.
Besides those surfactant-like peptides totally composed of natural amino acids introduced above, some other similar self-assembling peptides containing special groups have also been studied in recent years. One of the most extensively studied categories is peptide amphiphiles developed by Webber et al. [45, 46] . In these peptide amphiphiles, a typical molecule contains an alkyl chain as its hydrophobic tail and a functional peptide group as its hydrophilic head. By forming micellar nanofibers and exposing functional peptide groups outside, peptide amphiphiles have been proved to be potential nanomaterials which have been widely used in many fields including 3D cell culture and tissue engineering. Moreover, surfactant-like peptide has also been combined with traditional surfactant and shown novel self-assembling behavior which could be used as template for Au nanoparticles [47] .
Applications of Surfactant-Like Peptides
Surfactant-Like Peptides Stabilizing Membrane Protein.
According to the computational analyses of completely sequenced genomes, about one-third of all cellular proteins are membrane proteins, which contain at least one transmembrane domain and have critical roles in many important life activities such as cell signaling, cell migration and movement, energy transformation, and substance transport [48] . However, most molecular structures of membrane proteins remain elusive, which is in sharp contrast to their great important functions in cells. The reason for this paradox is that natural membrane proteins are usually embedded in lipid bilayer, traditional purification, and crystallization methods for water-soluble proteins will remove lipids from membrane proteins, and affect the solubility and conformation stability of membrane proteins. In the past decades, many traditional surfactants such as detergents and lipids have been used for the stabilization, purification, and crystallization of membrane proteins; however, due to the complexity of membrane protein-detergent-lipid interactions, the efficacy is still far from satisfaction. Thus, the discovery and design of novel surfactants are acutely necessary to facilitate membrane protein purification and crystallization for structural studies.
Recently, surfactant-like peptides have shown promising potential in the study of membrane proteins. These surfactant-like peptides have structural properties similar to lipid: peptide molecule has a hydrophobic tail composed of several consecutive hydrophobic amino acids and a hydrophilic head composed of one or two hydrophilic amino acids. Based on the molecular structure, surfactantlike peptides could bind to the hydrophobic section of a membrane protein by using their hydrophobic tails and sequester it from water, preventing membrane protein from denaturation.
G protein-coupled receptors (GPCRs) are a large class of membrane proteins, which play a crucial role in cell signaling pathways and become a worldwide hotspot in the pharmaceutical industries. Unfortunately, the structures of most GPCRs remain elusive. To study the structure and function of diverse GPCRs, researchers have stabilized these membrane proteins with surfactant-like peptides. For example, Zhao has chosen bovine rhodopsin, one of GPCRs, and investigated the stabilization of bovine rhodopsin in solution by using a new class of surfactant-like peptides [49] . As shown in Figure 7 , these surfactant-like peptides not only enhance the stability of bovine rhodopsin in the presence of lipids and the 6 Journal of Nanomaterials common surfactants n-dodecyl--D-maltoside and octyl-D-glucoside but also effectively stabilize rhodopsin under thermal denaturation conditions even after the lipids were removed. Additionally, researchers have investigated whether photosynthetic complexes could be effectively stabilized by surfactant-like peptides. Photosynthetic complexes are crucial proteins located in the membrane of chloroplast and are capable of transforming solar energy with amazing high efficacy, which promotes photosynthetic complexes to be made into nanodevices of solar biobattery as a safe and sustainable energy resource. To develop such solar biobattery, the stabilizing of photosynthetic complexes with bioactivity is the first step. Researchers have certified the feasibility of stabilizing photosynthetic complexes with designed surfactantlike peptides. The fluorescence spectrum of photosystem I (PSI) stabilized by surfactant-like peptides had no significant difference compared with PSI directly extracted from leaves of spinach. Surprisingly, PSI could even maintain its bioactivity on a dry surface in a considerably long period by the protection of an anionic surfactant-like peptide V 6 D [48].
Surfactant-Like Peptides as Drug and Gene Carriers.
Since the surfactant-like peptide molecules can be easily designed and modified to form various nanostructures, they can be easily tailored for drug or gene delivery. These peptides have a unique amphiphilic structure, and the hydrophobic tail could promote surfactant-like peptides to self-assemble into the nanostructure with a hydrophobic core, which has potential to encapsulate water-insoluble molecules and deliver drugs and other biological molecules. On the other hand, the hydrophilic head could be modified as functional group for cell-targeting. Recently, a surfactant-like peptide with fatty tail was investigated as a hydrophobic drug carrier [50] .
So far, gene therapy endeavors have still lacked optimal DNA delivery systems that are highly efficient, nontoxic, and simple to produce in large scales. Recently, it was found that a number of cationic surfactant-like peptides have great potential for gene delivery [51] . Compared with hydrophobic drug delivery, negatively charged DNA is expected to bind to the positively charged head of surfactant-like peptides. For example, cholesterol-conjugated HR15 and HR20 oligopeptides were synthesized, which were able to self-assemble into cationic micelles. The formation of the micelles increased local density of cationic charge, leading to greater DNA binding efficiency and thus higher gene transfection efficiency in both HepG2 and HEK293 cell lines [51] . Furthermore, surfactant-like peptide FA32 could form small micelles with particle size of about 100 nm, which could deliver hydrophobic drug DOX inside the cells efficiently. Meanwhile, these micelles could deliver DNA into HepG2 cells with high efficiency. These findings suggest that surfactant-like peptides could have the great potential to deliver hydrophobic drug and gene simultaneously into the same cells to achieve synergistic therapeutic effect [52] .
Surfactant-Like Peptides for Tissue Engineering.
Recently, tissue engineering, aimed at resolving the problems in organ repairing and tissue regeneration, has become an important strategy in modern biomedical technology. Generally, tissue engineering requires two complementary ingredients: suitable cells and compatible scaffolds [53] . It would be necessary to apply compatible biological scaffolds, which could stimulate and promote cell differentiation, as well as regenerating tissues without harm. For this purpose, many scaffoldforming self-assembling peptides have been reported [54] [55] [56] [57] [58] [59] [60] . However, the use of scaffold materials is inevitably accompanied by some side effects such as fibrosis and inflammatory response. Alternatively, another kind of scaffold-free tissue engineering strategy, cell sheet technology, has been widely investigated in recent years. This is a novel technique in which a sheet-like integration of cells is cultured and harvested by certain methods. Cell sheet could maintain cellto-cell connections and the cellular matrix, and the bionic structures could promote cell sheet to regenerate organs as a small piece of artificial tissue [61] [62] [63] [64] . In recent years, this scaffold-free tissue engineering strategy has received rapid development and become an important complementary to traditional scaffold-involved strategy. In this field, surfactant-like peptides as a novel type of surface modifying molecules have shown its potential. It was found that A 6 K, a cationic surfactant-like peptide, could self-assemble on mica surface to form a monolayer. In this way, a hydrophilic mica surface could be modified into a hydrophobic one, which is suitable for cell adhesion and growth. Along with the growth of cultured cells, A 6 K peptide composed of natural L-amino acids could be gradually biodegraded, and the hydrophilic mica surface could be reexposed, which is adverse for cell adhesion, and thus an integrate of cell sheet could be easily released from the mica surface (Figure 8 ) [65] . This novel cell sheet technique based on surfactant-like peptide is very simple, effective, and safe and may become a very important technique for the development of cell sheet technique.
Surfactant-Like Peptides as Template for Nanofabrication.
For the development of nanoscience and nanotechnology, fabricating nanostructures and nanodevices is the first important task. In this field, many self-assembling structures have been successfully used as template for nanofabrication. Recently, a surfactant-like peptide AGD, which could undergo self-assembly in nonpolar solvent system, has shown its potential for such application. This peptide was designed to have a shape like an inverted wedge which prevented it to self-assemble in aqueous solution. But in nonpolar mixture of water and tetrahydrofuran, and with the existence of copper ion, the peptide could self-assemble into nanorings by forming reversed micelle [66] . It was proved that copper ions were bound with the negatively charged head of the peptide and embedded in the core of the nanoring. In this manner, the peptide could be applied as a template for fabricating novel metallic nanostructures.
Conclusion and Outlook
The field of the design and application of surfactant-like peptides has been developed very rapidly in recent years. These peptides are easy to be designed and synthesized, which could guarantee their quality and purity; moreover, the biocompatibility of surfactant-like peptides makes them perfect materials for biological and biomedical applications. Their applications in the fields of membrane protein stabilizing and tissue engineering have proved their great potential. On the other hand, the chemical structure and self-assembling mechanism of surfactant-like peptides are very simple and clear; thus, surfactant-like peptides also provide a simple selfassembling model to study the folding and assembling of natural proteins, which might be very helpful to understand the mechanism of protein conformational diseases.
However, challenge remains when considering the practical application of the family of surfactant-like peptide. One reason might be due to the complicated self-assembling behavior of surfactant-like peptides which were highly sensitive to environmental parameters such as pH, ion strength, and peptide concentration. Although several attempts have been tried to obtain controllable self-assembling nanostructures, further investigations are still needed to be carried out to clarify the molecular mechanism for the self-assembling of surfactant like peptides, as well as their interaction with other biological molecules. This may be of great importance to exploit the application of surfactant-like peptides, especially as potential drug delivery nanomaterials.
